In this paper, we report on a phosphorescence measurements for oxygen dynamics in cells by means of a correlation method, which is an expansion of the fluorescence correlation spectroscopy.
Introduction
The fluorescence correlation spectroscopy (FCS) is one of the most popular application for monitoring the molecular interactions at the single molecule level and now widely used in biological research. The most popular FCS method is based on the analysis of fluorescence intensity fluctuation due to the random motion of fluorescent particles in a small region of a sample. (Rigler and Elson, 2001 ) FCS is a very high sensitive and noninvasive method to detect a very small region defined by the confocal optics, and applicable to the analysis of dynamic behaviors and interactions not only in in vitro systems but also in living cells. (Bacia et al., 2006; Vukojevi et al., 2005) Moreover, although FCS method is basically a statistical ensemble one, true single molecule in solution can also be analyzed. (Földes-Papp, 2006) Many researchers are now interested in FCS applications for much more complex targets, such as in tissue, organ and in vivo systems, and applications from basic science to clinical purpose. For this, a combination with other measurement modalities, for example, such as the luminescence decay measurements, is very useful. The decay profile is very sensitive to the environment near the chromophore, to which FCS measurements are relatively insensitive. The decay measurement can be a very powerful tool to understand the molecular interactions. (Lakowicz, 1999) The combination with the decay time measurement system is recently developed. (Felekyan et al., 2005) Usually, the decay time measurements require different detection system, such as the time-correlated single photon counting (TCSPC) system and the pulsed or modulated light source. Therefore, the extension of the commercially available FCS system tends to become very complex and expensive.
Here we focus on phosphorescence decay measurements at the cellular level using a conventional FCS system as a pilot study. The phosphorescence are well studied and there are many applications to devices, (Chou and Chi, 2007) protein chemistry (Banks and Kerwin, 2004; Bódis et al., 2004; Pravinata et al., 2005) and physiology. (Mik et al., 2004) The phosphorescence decay time is very sensitive to the environment of phosphorescence probes. In particular, since the phosphorescence is strongly quenched by molecular oxygen, the oxygen concentration in tissue from cellular level can be determined by the decay measurements. The oxygen dynamics in tissue has been studied in numerous works and the phosphorescence measurement is a very popular method. (Wilson and Vinogradov, 2003) In such works, some basic issues in oxygen dynamics at cellular level, such as the oxygen concentration barrier or gradient across the membrane, have not been well understood. Furthermore, some interesting biological responses -for example, the signal transaction and the apoptoic response under hypoxic condition -have not well anlyzed. These issues may be analyzed using both oxygen concentration monitoring and interaction analysis by FCS in the cellular level.
Recently, we have found that HeLa cells could be stained by Pd(II)-porphine and its phosphorescence decay in HeLa cells could be measured by a correlation measurement. (Nishimura et al., 2007) On the other hand, the new possibility using the delayed fluorescence of endogenous protoporphyrin IX (PpIX) for the oxygen monitoring in cells has been demonstrated. (Mik et al., 2006) These indicate a possibility of the decay analysis for the oxygen dynamics measurement in the cellular level.
In this paper, we demonstrate a decay measurement with the same detection and analysis system using a conventional FCS system but with a pulsed excitation source instead of a continuous wave laser. We have briefly reported our system. (Nishimura et al., 2007 ) Here, we demonstrate a correlation method for the phosphorescence decay time measurements using a HeLa cell system. We focus on both phosphorescence decay and fluorescence correlation measurements at single cell level using a single setup. We conduct oxygen concentration measurements in HeLa cells.
We concentrate on the methodological point of the correlation method instead of the biological optimizations in the measurements. Finally, we discuss the future applications in biology and medicine.
Materials and Methods
We prepared a 6.5 mM stock solution of 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphine (Pd:TSPP; Porphyrin Systems GbR, Luebeck, Germany) in phosphate-buffered saline (PBS) and stocked at room temperature. Finally, the Pd:TSPP solution was diluted to about 20 µM by PBS or dissolved to 2.5% bovine serum albumin (BSA) in PBS for the solution measurements. The solution about 1.5 ml in a small plastic chamber covered with a cover slip of microscope for sealing. All measurements were conducted under room temperature at 24-27 • C.
The oxygen in the solution was removed by a glucose-oxidase-catalase (GOx-Cat) system in both solution and cell measurements. (Vanderkooi et al., 1987) The medium was consisted of 50 to 200 nM glucose oxidase (GOx, EC1.1.3.4, G6641, Sigma), 20 mM D-glucose, and 0.1 µM catalase (Cat, EC1.11.1.6, C9322, Sigma).
In the cell measurements, HeLa cells were incubated until confluent in a 3.5 cm glass based dish (Iwaki 3911-035, Asahi Techno Glass, Chiba, Japan), which had a small dip (12 mm in diameter, about 140 µl in volume) for microscope measurements. Before the experiment, the cells were incubated with a 1 mM Pd:TSPP solution for about 1 hr, rinsed with PBS, and then the medium was replaced by OptiMEM buffer at 37 • C. The phosphorescence images were obtained by a laser scanning confocal microscope (LSM510, Zeiss, Jena, Germany) with an excitation at 514.5 nm and 530 nm LP filer. In the phosphorescence measurements, the dip in the dish was covered with a microscope cover slip to seal the sample, and then the dish was put upside down on the sample stage for phosphorescence decay measurements.
The instrumentation has been reported. (Nishimura et al., 2007) Briefly, an epifluorescence microscope (BX-50, Olympus, Tokyo, Japan) was modified for pulsed excitation using a frequency doubled Q-switched Nd 3+ :YAG laser (LCS-DTL-314QT, Laser Compact Co.Ltd., Moscow, Russia). The laser pulses were synchronized to a random or periodical trigger source. The random trigger was used in phosphorescence measurements. On the other hand, the periodical trigger (50 KHz) was only used in fluorescence correlation measurements. The random trigger was generated by dark count pulses from a photomultiplier tube so that the trigger timing was randomized.
The laser light was focused into the sample using an objective lens (UPlanApo x60, NA 1.2/water, or UPlanFl x10, NA 0.3, Olympus). A standard green fluorescence filter set (U-MWG2, Olympus) was used for the phosphorescence detection. A 62.5 µm graded index fiber (NA 0.27) was positioned at the focus plane of a camera port of the microscope and delivered the emission to an avalanche single photon counting module (SPCM-100, RCA). The arrival times of photon were recorded and the intensity correlation function was calculated after measurements.
In the phosphorescence measurements in vitro, the lower magnification lens was used mainly.
On the other hand, the higher one was used in the cell measurements and fluorescence correlation measurements. The excitation position in a cell was visually guided by eyes seeing both the excitation laser spot and the transilluminated image simultaneously. The organella, such as nucleus and cytoplasm, could be arbitrarily selected.
Analysis
The correlation function of the emission intensity I(t) is calculated by
where · · · denotes an ensemble average. For the single exponential decay of the emission, the correlation function can be obtained as
where ν is the average excitation rate, when the timing of the excitation is randomized. Furthermore, the correlation function of double exponential decay system, I(t) = a 0 /τ 0 exp(−t/τ 0 ) + a 1 /τ 1 exp(−t/τ 1 ), where a 0 + a 1 = 1, is expressed by
where γ = τ 1 /τ 0 . The detailed derivation of the correlation function is given in Appendix.
From Eq.(3), the decay time of each decay component is identical to the decay time in the fluorescence decay function. On the other hand, the fraction of the exponential term with the longer decay time in the correlation function is always larger than the fraction in the decay kinetic function. Namely, the fraction in the correlation function is overestimated for the fraction of the slower decay term.
A two-component correlation function, which was mainly used in our analysis in cell measurements, can be expressed as
where α and f are the normalization constant and the fraction on an interval of [0 : 1], respectively.
The pre-exponential factor of the decay kinetics function a 0 is related to f as
where
In cell measurements, the correlation function consists of two exponential terms. We consider a two-component Stern-Volmer quenching system for the analysis of oxygen dynamics. The first and second decay times are given by 1
, where k i is the Stern-Volmer quenching constant. Here the superscript 0 refers to the parameter without oxygen. Then, the ratio of the decay time can be expressed as,
where γ 0 = τ 0 1 /τ 0 0 . On the other hand, the amplitude can be written as,
In principle, the two-component fitting to the correlation function using Eq.(4) can determine f , τ 0 and τ 1 . Eventually, the quenching constants or the oxygen concentration can be determined.
However, the fitting is erroneous if the statistics is not good enough and the correlation function is noisy. In our oxygen dynamics measurements, the data statistics was not good under aerobic condition.
When τ 0 0 , τ 0 1 , a 0 0 and a 0 1 are known, we can reduce the number of free parameters using SternVolumer relationship, Eqs. (6), (7) and (8). Eventually, three free parameters f , τ 0 and τ 1 in Eq. (4) are reduced to two free parameters k 0 [O 2 ] and k 1 [O 2 ], which can be determined by the fitting.
Once the quenching constants are known, the oxygen concentration can be determined. ν is fairly in good agreement with the average trigger rate 51.6±7.2 sec −1 . The observed correlation function is in good agreement with the theory, and thus the correlation method can be used for the analysis of decay profile. This could be also supported by the simultaneous decay measurement using the GOx-Cat system with an oxygen electrode. (Nishimura et al., 2007) The decay times of Pd:TSPP-BSA were determined as 0.025 ± 0.002 and 0.591 ± 0.016 ms under aerobic and anaerobic conditions, respectively. The quenching constant was also determined by the Stern-Volmer relationship as 0.233 ± 0.006 ms −1 Torr −1 . The phosphorescence decay times of Pd:TSPP in PBS were also determined as 0.0025 ± 0.0004 and 0.153 ± 0.004 ms under aerobic and anaerobic conditions, respectively. The phosphorescence decay time and the quenching constant of Pd:TSPP-BSA conjugate were about 4-times longer and about 1/10 times smaller of Pd:TSPP, respectively. This result is consistent with the previous results using a BSA conjugate Pd-porphine. (Vanderkooi et al., 1987) 
Results

Decay time measurements in vitro
FCS capability of the system
The capability of the fluorescence correlation measurements with our system was demonstrated with fluorescent beads (14 nm in diameter). In the measurements, the interval of the random excitation was too sparse to measure the diffusion time of the beads. Thus, the highest repetitive frequency of the laser (50 kHz) was used in the measurements. The typical correlation curves are shown in Fig.2A . The correlation function with wider time range is also shown in the inset figure and the peaks at a 20 µs cycle indicates the repetition period of the excitation. The amplitude of these peaks becomes small with larger τ because we used wider bins at larger τ in the calculation of the correlation function. The peaks were almost disappeared and the curve became smooth in a slower region over 0.1 ms. The data was analyzed in this smooth region.
The curve was well fitted by a double component 3D free diffusion model, As expected, the proportionality of the number of particles to the concentration of beads is clearly confirmed. Thus, the system has a capability for the fluorescence correlation measurements of particles like beads in solution.
Phosphorescence image and correlation function in HeLa cells
Since above results indicate that the phosphorescence correlation measurement can be utilized to obtain phosphorescence decay times, we have applied this method to the oxygen concentration measurements in cells. Before the measurements, we confirmed that HeLa cells could be stained by Pd:TSPP solution using a commercial LSM system as shown in Fig.3A . Interestingly, the nucleus, in particular the nucleolus, were stained strongly. Some of the cells were not or very weakly stained as shown in the inset of Fig.3A . The question remained to be answered about the variety of staining level of the cells, which might be controlled by unknown transport mechanism of Pd:TSPP. The laser excitation in the cells with our system is shown by a digital camera picture at the eye piece of the microscope as shown in Fig.3B . From the transillumination image of the cells, the arbitrary locations, cytoplasm and nucleus, in an individual cell could be selected visually. A laser reflection spot, marked by the arrow in the image, indicates an excitation point in the cytoplasm of a cell, for example.
The correlation functions of the phosphorescence at a point of cytoplasm in a cell under aerobic and anaerobic conditions are shown in Fig.3C . The anaerobic condition was maintained by the GOx-Cat system. On the other hand, the aerobic condition was equilibrated with air using an open chamber. The correlation amplitude is normalized to 1 and the correlation offset is subtracted.
Under both conditions, the decays were slower than in the Pd:TSPP solution. Under aerobic condition, the morphology of the cell was sometimes not maintained until the completion of the measurement (600 sec), though the statistics still remained poor. The results by double exponential fittings are shown by solid lines and the fittings are very well in both curves.
Decay time components in HeLa cells
The decay times at cytoplasm and nucleus under aerobic and anaerobic conditions were analyzed 
Oxygen dynamics measurements in HeLa cells
The oxygen dynamics in a single cell can be traced by our decay measurement. In the analysis, the record of the photon arrival times during the measurement period (600-900 sec) was divided into some small records (100-200 sec), and then the correlation function was calculated for each small The oxygen consumption by the respiration of cell itself was also measured on a confluent cultured dish. The consumption rate was very low, and eventually the experiments were mostly conducted under a high oxygen concentration. On the other hand, the measurements under a high oxygen concentration caused cell damages, resulting in a difficulty in the single cell tracing. Thus, after the measurement in a cell at a time point, the other cell was measured at the next time point.
The oxygen concentration was obtained by fitting correlation function using Eqs. (4) and (6-8) with the averaged values of the decay times (0.52 and 0.09 ms), the quenching constants (0.11 and 0.48 ms −1 Torr −1 ) and the ratio of the pre-exponential factor of each component (a 0 1 /a 0 0 = 0.182). The estimated value of the absolute oxygen concentration at the initial time was larger than 150 Torr because of the large error of the quenching constants, which were largely dependent on the estimation of the decay time under aerobic condition. Thus, we discuss the relative change of the oxygen concentration, assuming that the average value of the PO 2 at the initial time was 150 Torr, as shown in Fig.5B . The error bars are estimated from the error matrix of the leastsquares fitting. Under endogenous respiration, the oxygen concentration gradually decreased until a plateau level, where it is at a relatively high PO 2 value. This level might be determined by the balance between an oxygen leak due to the imperfect sealing of chamber and the respiration rate.
The initial oxygen consumption rate, 0.016±0.005 % s −1 (0.024 Torr s −1 ), was estimated by a linear fitting to the first four data points.
On the other hand, after an addition of a 1.4 µM CCCP, an uncoupler of oxidative phosphorylation in the cell, the oxygen concentration rapidly decreased and then reached a slightly smaller oxygen concentration level than the level under the endogenous respiration as shown by the broken line in Fig.5B . The oxygen consumption rate was increased by CCCP.
Discussion
The absolute oxygen consumption was estimated from the cell density about 2.2×10 3 cells mm −2 , the volume 140 µl and surface area about 1.1 × 10 2 mm 2 of the chamber. The rates without the uncoupler was 1.4 nmoles min −1 /10 6 cells. The order of the oxygen consumption rate was near but small relative to the values observed in cells of other type at 37 • C. (Villani and Attardi, 1997) Although the quality of data is needed to be improved for the detail quantitative discussion, the oxygen concentration inside the cell can be measured by means of the correlation method.
Since HeLa cells could be easily stained by Pd:TSPP solution, other type of cells in tissue also may be stained if the Pd:TSPP solution can be applied to organs. Recently, it has been reported that the endogenous PpIX selectively accumulates in mitochondria and its delayed fluorescence can be used as an oxygen probe. (Mik et al., 2006) Thus, PpIX as an oxygen probe is also promising and our method is applicable to the PpIX measurements. Consequently, the oxygen concentration change inside the cell at different locations in the organ is possibly measured by this method.
Furthermore, FCS measurements with the same apparatus may allow us to discuss interactions of oxygen concentration dependent factors when the temporal resolution is improved.
On the other hand, the current system could measure fluorescence correlation functions of fluorescent latex beads in a range of milliseconds and possibly can be used in blood flow measurements in vivo. Thus, both the flow and oxygen concentration measurements in vivo with this single setup can analyze the oxygen dynamics. In particular, the measurements in tumor under photodynamic diagnosis and therapy is one of the very interesting applications. (Glanzmann et al., 1999; Cubeddu et al., 2002) The simplicity is a great advantage when the use of the system is extended to clinical situations.
The correlation method presented here has an advantage in the measurement. Since the origin of the time means essentially nothing in the correlation measurements, the reference timing signal is not required and eventually this simplifies the system. The system using a microscope with a high numerical aperture objective lens can measure both the decay time in a cell and also the fluorescence correlation function. Although the higher average excitation pulse frequency is required in the efficient fluorescence correlation measurements, the measurements can be done with the single setup, including the excitation source. The use of a semi-conductor laser diode would contribute to the improvement of the method because the average excitation frequency can be easily changed. A cross-correlation detection of the signal also greatly improves the dead time and afterpulsing distortion of the correlation measurements, resulting a better time resolution down to in a 10 nano-seconds range. (Chirico and Gardella, 1999) This improvement will enable the decay measurements by the correlation method to be applicable to a more wider range.
This simple measurement is restricted in the multichromophore system and an extension of the theory connected to a single molecule level to the multichromophore system is required because the quantum nature of fluorescence has an important role in the single molecule level, resulting in the anti-bunching photons. Furthermore, the choice of the excitation frequency is also important.
For the decay measurements, a higher frequency improves the statistics of data although the correlation amplitude becomes small. On the other hand, higher excitation frequency is required for the FCS measurements. The fluorescence molecule can be excited once within each excitation pulse when the duration of the excitation pulse is smaller than the order of fluorescence decay time.
Consequently, when the interval between adjacent excitations becomes longer than the diffusion time, the correlation of the emission becomes very weak. These are also very important subjects to discuss the applicability of our method.
This method does not require the reference signal. This is an advantage in the practical medical application because it is simple. A fluorescence correlation measurement has been demonstrated, but the correlation method is not restricted to the fluorescence correlation. For example, the intensity correlation function of scattering light carries informations on the dynamics, absorption and scattering of tissue like medium. (Katayama et al., 1995; Nishimura et al., 1996; Durduran et al., 2005; Li et al., 2006) This simple method can combine such correlation measurements. The correlation method in luminescence decay measurement is expected to expand an applicability of the intensity correlation method.
The correlation function of the emission is given as follows. The intensity of the emission was expressed by I(t) = I 0 i F(t − t i ) when the i-th excitation light is coming at time t i , where I 0 and F(t) are the appropriate normalization constant and the decay function of system, respectively.
Using F(t), the correlation function I(t)I(t + τ) is expressed as
If the timing of the excitation is randomized, the emission only correlates within the emissions excited by the same single excitation pulse, and thus it can be simplified as
The ensemble average of a function A(t) can be replaced by a time average as
When A(t) = a(t − t i ) where a(t) rapidly decays, the ensemble average is given by
where ν is the average excitation rate given by (t i − t i−1 ) = 1/ν. Eventually, the correlation function can be expressed as
Assuming a multiexponential decay kinetics F(t) = i a i /τ i exp(−t/τ i ) where i a i = 1, the correlation function
can be yielded.
The decay time of each decay component in the correlation function is identical to the decay time in the decay function of emission. On the other hand, the pre-exponential factor is not identical to the pre-exponential factor in the decay function and dependent on both the pre-exponential factors a i and the decay times τ i . 
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